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ABSTRACT
This research was designed to isolate a standard 3D scanning methodology using a
popular 3D scanner (NextEngine®) used in biological anthropology to reproduce researchquality human skeletal remains. Settings using NextEngine® hardware were determined through
three successive studies.
The first study used minimum settings to create a topography of nine postcranial bones
excavated from a Maya archaeological site, Moho Cay, Belize. The research was conducted in
Louisiana State University’s (LSU) Digital Imaging and Visualization in Archaeology (DIVA)
Lab. The resulting 3D scans were visually compared to the original bone specimens for
similarities in five categories. The similarity ratings were used to determine the usefulness of the
scans for display, teaching, and research. Display-quality scans were at least 50% similar and
represented a general likeness of the bone. Teaching-quality scans were at least 75% similar and
showed general bone shape and features. Research-quality scans were required to have a 100%
similarity. All of the 3D scans were display-quality, and half were similar enough to be used for
teaching. No research-quality scans were created in the first study.
The second study expanded that research by using the NextEngine® at variable settings
to scan an os coxa (hip bone) from Moho Cay, Belize. The 3D scans were evaluated metrically
using arbitrary measurements and evaluated through paired t-tests. The 3D scans were visually
assessed using the five categories from the first study. Visual age and sex analyses were also
conducted. A scanner setting was isolated that was visually and metrically accurate.
To test the applicability of the settings determined from the second study, the third study
focused on applying the determined standard to 20 modern hip bones provided by the Forensic
Anthropology and Computer Enhancement Services (FACES) Lab at LSU. All hip bones were

vi

visually analyzed for age and sex, as well as for similarity using the same five categories.
Standard os coxa measurements were taken from the scans and the specimens and compared
using paired t-tests. The results from the third study supported the second study’s assertions.
Using the 3D scanning standards derived through this research produced research-quality hip
bone scans.
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CHAPTER 1: INTRODUCTION
Three-Dimensional Technologies in Anthropology
Three-dimensional technologies are being used to pursue innovations throughout
anthropology; these technologies often are used for preserving items, introducing new methods
of analysis, and for increasing collaborative opportunities. Preservation possibilities include:
safeguarding irreplaceable items for indigenous peoples by replicating them (Hollinger et al.
2013), recording the archaeological record as it is destroyed during excavation (Forte et al. 2015;
Subsol et al. 2015), and providing the living descendants of ancient peoples with a window into
their heritage through 3D printed artifact exhibits (McKillop and Sills 2013).
Biological anthropologists use 3D technology to preserve information available through
osteological analysis and to find new analytical methodologies in osteology (Clark et al. 2016;
Coqueugniot et al. 2015; Kuzminsky et al. 2016; Sholts et al. 2010; Slice and Algee-Hewitt
2015; Spradley and Jantz 2016; Sadeq and Fatah 2015; Stoyanova et al. 2015; Stephan and
Guyomarc’h 2014; Torimitsu et al. 2015; Villa et al. 2015). These studies use a variety of 3D
scanning hardware. NextEngine® desktop scanners are gaining popularity in biological
anthropology, as they are affordable 3D scanners with relatively simple user interfaces (AlgeeHewitt and Wheat 2015; Clark et al. 2016; Guladi-Russo et al. 2015; Kuzminsky et al. 2016;
Mathys et al. 2013; Sholts et al. 2010, 2011; White 2015).
NextEngine® scanners are popular throughout private and scholastic venues and are used
by institutions such as the Smithsonian, the Louvre, the History Channel, National Geographic,
National Aeronautics and Space Administration (NASA), the Department of Defense, Duke
University, Massachusetts Institute of Technology (MIT), and Louisiana State University’s
(LSU) Digital Imaging and Visualization in Archeology (DIVA) Lab (NextEngine 2017).
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Despite the popularity of the NextEngine®, standardized scanning methods and scan settings
have not been established for scanning skeletal material with the NextEngine®. Attempts have
been made to address standardization, including a single method controlling all potential
variables within the software, as well as user choices such as bone positioning on the platform
(Fillauilt 2012). Another study focused on standardizing only a select few variables within the
software, such are scan type (Sholts et al. 2011). However, no explicit standardization using this
hardware has been established. The variability of the machine has been tested, showing there is
significant variation among scan settings (Polo and Felicisimo 2012).
The combination of the inconsistency within the NextEngine® hardware and the diversity
with which it is used in biological anthropology may result in skeletal scans with different levels
of accuracy. Accuracy in this body of research is defined as technical accuracy, which is the
extent to which the compared result conforms to the original specimen in measurement, form, or
specification. A lack of consistency in scan quality creates incomparable data sets. Threedimensional scans of bone must be of research quality because such scans are used for primary
data collection. The research described herein explores if NextEngine® hardware can
consistently create research-quality skeletal scans of human hip bones.
Osteological Analyses
Biological anthropologists use skeletal remains to build a biological profile, which
includes an individual’s age at death, sex, ancestry, and stature. Additional information can be
gleaned from the human skeleton, such as health and injury. Analyses of the skeleton are
important to recreate past demographies or to identify modern individuals. To conduct these
analyses effectively, the primary data source must be accurate. The accuracy of the source is not
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a concern when analyzing actual skeletal remains. However, when analyzing a 3D scan of a
bone, concern with accuracy becomes relevant.
The methods to create a biological profile of an individual can be both visual (nonmetric) and metric (Bass 1987; Buikstra and Ubelaker 1994; White and Folkens 2005). Both
visual and metric analyses can be negatively affected by imprecise scanning methods. On the
other hand, visual and metric analyses can be made easier by analyzing 3D scans with 3D
software. For example, 3D scans can be increased in size to view nuances of a bone, and the
color data can be removed to view only the topography of the bone. Also, measurements taken
with 3D software are not subject to the same constraints of measurements performed on the
actual bone. Specifically, measurements on 3D scans can pass directly through an object or can
splice an object exactly in half. Furthermore, measurement points can be set multiple times and
in locations that are difficult to access with traditional tools.
Metric and visual analyses of 3D scanned bones may be compromised without
standardized 3D scan methods to ensure the scans are accurate. To use 3D scanning in a
scientifically meaningful way, the ability of the NextEngine® must be tested. Can a
NextEngine® create research-quality scans of human bone that are metrically and visually
accurate? What combination of settings within the ScanStudio® software produces researchquality material? These questions are explored in this dissertation.
To test the research capabilities of the NextEngine® desktop scanner on human bone,
three studies were conducted. Methods used in each successive study were determined by the
results of the previous test. In the first study, a baseline of the NextEngine®’s scanning
capabilities for scanning human skeletal remains was established. Data recording minimums
necessary to create a complete topography were determined to scan a sample of nine postcranial,
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archaeological bones from an ancient Maya trading port, Moho Cay, Belize. The skeletal features
present on the 3D scans of the nine bones were compared to the original specimens in five
categories, which were gross morphology, nonmetric variation, pathology, rugosity, and trauma.
The similarities and dissimilarities of each feature between the 3D bone scans and the original
specimens were inventoried on data recording sheets created for the project. The data were
analyzed to determine if each 3D scan of the bone could be used in a display, teaching, or
research context. Display context was defined as the digital and actual bone data being at least
50% similar. This level of similarity would allow for the scan to be recognizable as a specific
bone, such as a humerus or a rib. Teaching context was defined as the digital and actual bone
being at least 75% similar. An accuracy of 75% would allow for features of a bone to be
recognizable enough for educational purposes. At this level of similarity, a bone would be
recognizable not only as a humerus or a rib, but the specific features associated with those bones
would be present. For research context, digital scans need to be able to replace the actual bone
for the data categories under study, which include metric and non-metric (observational) data.
The results of this study demonstrate that scans generated with the NextEngine® using the
minimum resources necessary to create a complete surface of the bone are insufficient for
research use. Based on the criteria above, using the minimum settings resulted in display-quality
items for 100% of the sample and teaching-quality items for approximately 50% of the sample.
The second study built on the results of the first study by varying the NextEngine®
setting options to produce research-quality 3D scans of human hip bones. The number of
individual scans and the geometric data points per square inch were varied on the NextEngine®.
The range was 4 to 16 scan divisions per 360º rotation and up to 268 thousand points per square
inch.

4

The skeletal sample used in the second study was also archaeological in nature and from
Moho Cay, Belize. The same hip bone was scanned at different settings, resulting in five
topographically complete 3D hip bone scans. The scans were compared to their original bone by
visual assessment and by metric comparison. The visual assessment used the same five
categories defined in the first study, and included aging and sexing of the 3D scans and the
original bone. Five arbitrary measurements were also taken on the hip bone. Paired t-tests were
used to determine if the measurements taken from the scans and the original specimens were
comparable. One setting on the NextEngine® (divisions and data points per square inch) was
found to be both metrically and visually accurate for research.
In the third study, the parameters isolated in the second study were used to scan 20
modern hip bones. The scans then were compared to the original specimens metrically and
visually using the same five visual categories established in the first study and used in the second
study. The 20 modern hip bones and their scans were also evaluated for age and sex information.
To test metric accuracy, standard measurements were taken on both the scans and the specimens
and compared statistically (Bass 1987). This final study bore out the conclusions from the second
study, proving that there is research potential for human skeletal remains when using the
NextEngine®.
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CHAPTER 2: THREE-DIMENSIONAL SURFACE IMAGING AND THE ANCIENT MAYA:
A CASE STUDY ON POSTCRANIAL REMAINS FROM MOHO CAY, BELIZE
Introduction
Obstacles within bioarchaeological studies often arise from a shortage of well-preserved
skeletal material. Skeletal preservation can limit measurement opportunities and sample sizes.
Complications like preservation can restrain research and reduce collaboration opportunities on
skeletal remains. Three-dimensional technologies offer possible solutions to these issues by
creating strong digital likenesses, which have the potential to be used for public displays,
teaching resources, and research material.
To test how effective 3D surface imaging is on prehistoric skeletal material, a selection of
Classic period (600-800 BCE) remains from Moho Cay, Belize (McKillop 2004) was scanned at
the Louisiana State University (LSU) Digital Imaging and Visualization in Archaeology (DIVA)
Lab. These scans were compared to their original bones. The five categories scored for similarity
were gross morphology, nonmetric variation, pathology, rugosity, and trauma. The success of
these analyses was used to establish whether the 3D scans could be used in display collections,
teaching collections, or research collections.
Three-dimensional technology has the potential to revolutionize how bioarchaeologists
record and share skeletal data. To fulfill that potential, a standardized scanning method for
skeletal remains needs to be developed. To address that need, this research focuses on several
questions. Is there a way to standardize 3D scans of skeletal material? Are these 3D skeletal
scans reliable and accurate replicas of their original bones? What characteristics of skeletal
material complicate 3D surface imaging? Ideally, developing a standard scanning method
ensures comparability and accuracy among bioarchaeological studies. Once a standardized
methodology is in place, 3D surface scanning could enhance future osteological research.
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Background
Moho Cay
Moho Cay was a Classic Maya (600-800 BCE) village settlement and trading port
situated at the mouth of the Belize River (see Figure A) (McKillop 2004:257). Moho Cay’s
location supported its sea-based subsistence economy (McKillop 1984:25-26). Reliance on
marine resources can be seen in the faunal remains (McKillop 1984:28) and canoe figurines
(McKillop 1984:31:Figure 4). Further excavation of Moho Cay was not possible due to
commercial dredging (McKillop 1984:28).

Figure A: Map of the Maya Area, including Moho Cay
trading port. Map by Mary Lee Eggart.
10

Artifacts at the site suggest that coastal trade routes allowed the Maya at Moho Cay to
supply inland sites with ceremonial and utilitarian items (McKillop 2004: 257, 271-272). A
significant amount of the artifacts recovered from Moho Cay suggests extensive trading through
the island (Healy et al. 1984:415-416).
Burials
The remains of 27 individuals were excavated from beneath house floors at Moho Cay
(McKillop 2004). Skeletal material in the tropical landscape of Central America often is not
well-preserved, and in some cases, only teeth preserve (White et al. 1993). The skeletal remains
from Moho Cay were well-persevered due to their location below the water table (McKillop
2004). There were eight burials and 11 features containing human skeletal remains at the site.
The interments were often not solitary. Instead, multiple individuals were typically buried
together (Lund 2003:13, 34-35). The remains were well preserved for skeletal material in the
Maya area but have sustained taphonomic damage due to environmental exposure. The fragility
of the material necessitates a permanent durable record, which 3D surface imaging can provide.
Three-Dimensional Scanning
Three-dimensional capabilities and applications have expanded dramatically in the last
decade with the goal of creating more portable and precise hardware. The focus of 3D scanning
technologies has been on creating compact and flexible tools that produce high-precision data
(Sansoni et al. 2009:569). The advancements have led to more widespread use in archaeology.
Applications of note include artifact re-creation in cultural heritage projects (Hollinger et al.
2013; McKillop and Sills 2013) and biological anthropology studies (Algee-Hewitt and Wheat
2015; Allard et al. 2005; Allard 2006; Bilfeld et al. 2012; Clark et al. 2016; Coqueugniot et al.
2015; Decker et al. 2011; Kuzminsky et al. 2016; Lee et al. 2015; Mathys et al. 2013; Michel et
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al. 2015; Molina and Martin de las Heras 2015; Sadeq et al. 2015; Sholts et al. 2010; Sholts et al.
2011; Slice and Algee-Hewitt 2015; Spradley and Jantz 2016; Stephan and Guyomarc’h 2014;
Stoyanova et al. 2015; Torimitsu et al. 2015; Villa et al. 2015a, 2015b; Ward et al. 2015; Wilson
et al. 2016). A suite of file formats is available, including those best suited for 3D printing,
which has fueled a similar pattern of production in 3D printing technologies. NextEngine®
scanning hardware was selected for this study because of its availability in the LSU DIVA Lab.
Moreover, the NextEngine® is a popular choice among other anthropologists due to its
affordability, economic energy use, included software suite, and ability to export 3D scans in
multiple formats. These characteristics have led to the NextEngine®’s current popularity in
biological anthropology studies (Algee-Hewitt and Wheat 2015; Clark et al. 2016; Gualdi-Russo
et al. 2015; Garvin and Ruff 2012; Kuzminsky and Gardiner 2012; Kuzminsky et al. 2016;
Mathys et al. 2013; Sholts et al. 2010, 2011; White 2015).
Materials and Methodology
Bone Sample Selection Process
Nine bones from Burial 1 from Moho Cay were selected for 3D scanning and analysis
based on their completeness and on the presence of common skeletal features. Five categories of
observations were selected for the study, including gross morphology, nonmetric variation,
pathology, rugosity, and trauma. These five categories cover the breadth of evaluated
characteristics in a standard osteological analysis (White and Folkens 2005). Gross morphology
consists of the overall shape of the bone, including common skeletal markers and features. Gross
morphology is used to identify to which part of the body the bone belongs, to determine if the
bone is human or nonhuman, and to assist in differentiating between adults and juveniles.
Nonmetric variation refers to any variation in bone formation that is not pathological in nature.
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In this analysis, pathology refers to any possible sign of illness on the skeleton. Rugosity is used
to describe the robustness of the bone, which is used in analyzing sex and occupational markers.
Trauma addresses any damage to the remains before death (antemortem), at death (perimortem),
or after death (postmortem).
The bones selected for inclusion in this study were a left rib fragment, a left ulna, a
lumbar vertebra, a left clavicle, a right scapula, a left and right radius, and a left and right
humerus (see Figure B). Representations of large, medium, and small bone sizes were used to
test whether the size of a bone affected the quality of its 3D scan. Long bones were selected to
represent typical large bones of a human skeleton. Two humerii, one complete radius, and one
ulna were selected from Burial 1 for this category. The medium-sized bones selected were the

Figure B: Photo of postcranial bones selected from Burial 1 for
3D surface imaging. From top left: A) rib, B) clavicle, C) lumbar
vertebra, D) scapula, E) ulna, F) right radius, G) right humerus,
H) left humerus, I) left radius. Photo by V. Harrington.
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radius fragment, the incomplete scapula, and the lumbar vertebra. The rib and clavicle fragments
were selected to represent small-sized bones.
Complexity of shape was considered when selecting bones to scan. The most complex
and irregular bones were the lumbar vertebra and the scapula. The least complex bones were the
clavicle fragment and the rib fragment. One of the humerii was selected because of its septal
aperture in order to represent nonmetric variation as well as to represent shape complexity. All
bones were evaluated for gross morphology, rugosity, and trauma, as they had sustained damage
and are incomplete. Pathology was observed in several bones. Most notably, the lumbar vertebra
exhibited both microporosity and osteophytes.
Due to the fragmentation and variation of the skeletal specimens selected, each bone
varied in the number of skeletal features that could be evaluated. There were 73 skeletal features
present in the sample. The left and right humerus each had 15 features that could be evaluated.
The ulna had 11 features that could be evaluated. The left and right radius had five and nine
features, respectively. The scapula had five features present, and the clavicle and the rib each had
three. The lumbar vertebra had seven features available.
Bone Scanning Process
Scanner settings, lighting, positioning, and post-processing are variables that affect the
quality of a scan independent of the item being scanned or the type of scanner used. However,
these variables also directly influence the amount of computer resources (e.g. time, RAM)
necessary to image and process the 3D scan.
A trial scan was performed to decide the most economic scanning procedure on the
NextEngine® 3D scanner. More data were collected by increasing the number of individual
divisions (rotations). Scanning increments were increased from the lowest division settings until
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the shape of the bone was captured and was complete by visual analysis (see Figure C).
Consideration was given to minimizing file sizes, limiting processing time, and maximizing the
shape data recorded in this pilot study. A mid-range scanning division setting was selected,
which produced a file of manageable size. However, other variables within the software were not
controlled for, as each bone required different distances to be fully captured by the camera. The
camera distances directly affected the resolution (points per square inch) of the scan, the closer
the object, the higher the resolution, and the further the object, the lower the resolution.

Figure C: Photo of rib fragment shape in three-dimensional surface imaging at progressively
higher scanning divisions (left to right). A) 4 divisions, B) 5 divisions, C) 6 divisions. Photo
by V. Harrington.
The same divisions were used throughout the study. The number of required scans per
bone was variable and was determined during the scanning process. Positioning was customized
based on individual surface characteristics of each bone. Since the NextEngine® captures line of
sight data, the number and angle of positions depended on the bone. Likewise, lighting was
adjusted to compliment the bone’s geometry and color in order to produce the most accurate
replica. Preemptive consideration for the bone to be scanned lessened the total amount of time
required to produce a finished scan.
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Post-processing of the 3D data was purposefully limited. The ScanStudio® software that
accompanies the NextEngine® allows for basic data manipulation, including but not limited to
trimming, aligning, and fusing. Trimming can create holes within the geometry of a scan and
alter the shape of the 3D bone data. Conversely, not trimming extraneous data can distort the
shape of the bone by adding information that is not part of the bone, such as the platform or any
accessories used to hold the bone in position on the platform. Once the extraneous data are
removed, the scans of a single bone can be aligned. Once aligned, the object can be viewed in its
entirety. At this point, any areas of missing data will present as topological holes in the geometry
of the scan, which will be filled by the software. To fill these holes, elongated polygons will be
generated to bridge the gaps between existing data points. The size and location of these holes
can create artifacts in the scan, either as concave subtractions or convex additions. The fusion
process can cause distortions in the shape if the holes in the geometry are large. To minimize
possible distortion of the bone’s true shape, only extraneous data were trimmed and additional
scans were taken to prevent holes when possible.
Osteological Evaluation
The 3D scans were observed for the presence and formation of skeletal features (Bass
1987; White and Folkens 2005). All 73 represented skeletal features were evaluated within each
of the five categories (gross morphology, nonmetric variation, pathology, rugosity, and trauma.)
Those evaluations were then compared between the assessments of the original bones and their
3D scans for similarities. The scanned bones were viewed in shape-view, which is a rendering of
the scan data without color data. The scans were then viewed in color-view, which overlays color
data derived from photos taken during the scan process. Both views are available in the
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NextEngine® software, ScanStudio®. Both views were used to ascertain which view was most
informative for each of the applied five visual categories.
The success rate established for this project was calculated to determine whether the
digital files were suited for display, teaching, or research uses. Display use required an overall
similarity rating at 50% or higher. This rating was selected since the shape only needs to be
accurate enough to recognize in a display. Teaching use required a 75% or higher similarity
rating between the bone and 3D scans, which resulted in scans with features that are
diagnostically accurate for educational purposes but not precise enough to use for research.
Research use required 100% similarity rating to ensure the scan was an exact replica of the bone.
Results

Percentage of Similarity

Similarity between Original Bone and 3D Digital Scanned Bone
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0%

Moho Cay Bone Sample from Burial 1

Figure D: Similarity of original bones and 3D surface images.
Five of the nine bones (right humerus, right radius, left ulna, left clavicle, and left rib)
showed dissimilarity in two categories, which resulted in a similarity rating of 60%. Four of the
nine bones (left humerus, left radius, lumbar vertebra, and right scapula) showed dissimilarity in
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only one category, which resulted in a rating of 80%. Similarity percentages for each bone in the
sample from Burial 1 can be seen in Figure D.
Right Humerus
The right humerus failed in two categories (pathology and trauma), resulting in a
similarity rating of 60%. The pathology dissimilarities of the right humerus were concentrated on
the distal end. The bone itself had possible lesions on the medial epicondyle and trochlea. These
pathological markers did not translate into the 3D scan. However, other lesions on this bone were
represented in the 3D scan. Postmortem trauma to the lateral epicondyle is clear on the bone
itself, but could not be properly assessed on the 3D scan due to the lack of detail and nonphotorealistic color. The rest of the bone was well represented by the 3D scan and showed no
dissimilarities in gross morphology, nonmetric variation, or rugosity.
Right Radius
The right radius rated at 60% similarity with dissimilarities in gross morphology and
pathology. Remodeling on the radial tuberosity (bicipital tuberosity) was present on the bone
itself but did not record on the 3D scan. Remodeling can be seen as a health marker, and
therefore may be related to pathology. The nutrient foramen on the shaft of the radius was not
recorded in the 3D scan, compromising the gross morphology of the bone. The 3D scan was
comparable in nonmetric variation, rugosity, and trauma.
Left Ulna
The ulna had a rating of 60% similarity with pathology dissimilarities present on the
trochlear notch (semilunar notch), the coronoid process, and the radial notch. The trochlear notch
showed microporosity. The coronoid process and the radial notch showed periostitis. However,
the 3D scan of the ulna did not show these three pathological markers. Additionally, the guiding
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ridge of the ulna was obliterated on the scan, which created a dissimilar gross morphology. The
left ulna scan was similar in nonmetric variation, rugosity, and trauma.
Left Clavicle
The left clavicle earned a 60% similarity due to dissimilarities in pathology and
nonmetric variation. The inferior surface of the trapezoid line had a small foramen that was not
recorded clearly in the 3D scan. The placement of this foramen can be variable and was
considered as nonmetric variation instead of a gross morphology error. Pathologically, slight
periosteal reactions on the inferior surface of the shaft and the trapezoid line did not translate to
the 3D scan. The 3D scan of the left clavicle was similar to the original bone in gross
morphology, rugosity, and trauma.
Left Rib
The left rib rated a 60% similarity, having dissimilarities in pathology and trauma.
Pathologically, periostitis and microporosity were present on the neck of the rib, but could not be
seen in the 3D scan. Postmortem damage to the non-articular part of the tubercle cannot be
evaluated in the 3D scan, which prevented the assessment of trauma type. The rib showed
complete similarity in gross morphology, rugosity, and nonmetric variation.
Left Radius
The left radius rated at 80% similarity, having dissimilarities in only pathology.
Periostitis was present on the superior border of the ulnar notch on the actual bone. This possible
pathological reaction on the bone was not present in the 3D scan. The left radius showed
complete similarity in gross morphology, nonmetric variation, rugosity, and trauma.
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Lumbar Vertebra
The lumbar vertebra rated at 80% similarity, due to an artificial artifact created in the 3D
scan. This artifact was not part of the actual bone and distorted the gross morphology of the
vertebral foramen. The lumbar vertebra had no other discrepancies.
Left Humerus and Right Scapula
The left humerus and right scapula rated at 80% similarity, each due to dissimilarities in
pathology. The left humerus bone had periostitis on the capitulum, a possible lytic lesion on the
coronoid fossa, and slight lipping on the lateral supracondylar ridge. The 3D scan of the left
humerus did not display any of those pathologies.
The right scapula showed remodeling of the bone on the lateral (axillary) border, the
scapular neck, the scapular spine, and the acromion process. The 3D scan of the scapula did not
show this remodeling. Otherwise, both the left humerus and right scapula show complete
similarity in gross morphology, nonmetric variation, rugosity, and trauma.
Display, Teaching, and Research Success
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Figure E: Percentage of bones suitable for display,
teaching, or research use.
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All scans from Burial 1 had a similarity rating of 50% or higher, which meant they were
suitable for display use. From Burial 1, 44.44% of the sample was accurate enough to be used for
teaching purposes. None of the bones scanned in this pilot study achieved a 100% similarity.
Therefore, following the criteria in this study, none of the scanned images of bones qualified for
research use (see Figure E).
All of the bone scans were at least 60% in similarity, but only four bones (left humerus,
left radius, lumbar vertebra, and right scapula) rated above 75%. The four bones that rated higher
than 75% shared dissimilarity in the pathology category. Pathology discrepancies account for
approximately 86% of all dissimilarities in this study. The next most disparate category was
gross morphology, followed by trauma, and then nonmetric variation.
Similarity by Category
Each category was evaluated separately, in order to identify possible trends (see Figure
F). Gross morphology was 67% successful within the sample. The right radius, left ulna, and
lumbar vertebra showed dissimilarities in gross morphology. The 3D scan of the right radius
omitted the nutrient foramen. The left ulna scan also omitted a feature, the guiding ridge. The
lumbar vertebra scan has an artificial artifact created by the post-processing functions of
ScanStudio® software.
100%
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Nonmetric
Variation

Pathology
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Trauma

Figure F: Categorical evaluation of similarities across bone sample.
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Nonmetric variation was 89% successful and trauma was 78% successful. The only bone
to show a nonmetric variation discrepancy was the left clavicle, which failed to clearly recreate
the nutrient foramen in the 3D scan. This feature is a variable foramen and was considered under
nonmetric variation because of the nature of the skeletal feature.
The two bones that showed dissimilarity in the category of trauma were the right humerus
and the left rib. The right humerus had postmortem trauma on the lateral epicondyle, which was
not clearly represented on the 3D scan. The left rib also showed postmortem damage that could
not be assessed on the 3D scan due to the dissimilarity.
Rugosity and pathology were the most polarized categories. Rugosity was the only
category that achieved a similarity rating of 100%. Pathology similarity rated the lowest at 11%.
Every bone except for the lumbar vertebra showed pathological dissimilarities, mostly including
porosity and periostitis.
Discussion
Similarity by Bone: Size
Select Burial 1 bones were used to examine size biases in 3D scanning. If size affects the
success of 3D scanning human bones, then the largest and smallest bones selected for this study
should show a pattern of different similarities. The findings support the idea that size does not
alter the quality of the scan. The right humerus and left rib fragment each had a 60% similarity
rating, as well as the greatest difference in size. Likewise, the left humerus, right scapula, and
left radius had an 80% similarity and represented midsize and large bone sizes, respectively.
Similarity by Bone: Complexity
Geometric complexity was evaluated for its effect in scanning success. The two most
irregular bones, the right scapula and the lumbar vertebra, were used for this assessment. The 3D
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scan of the lumbar vertebra had a gross morphology discrepancy. An artifact was created during
the fusing process and bridged a section of the vertebral foramen. This additional feature was not
present on the original bone.
The rest of the collection did not show a relationship between geometric complexity and
similarity rating. Complex, irregularly shaped bones required more consideration in preplanning,
positioning, and post-processing. These additional considerations and the nature of 3D scanning
complex shapes resulted in an increase in file size, time necessary to scan the item, and computer
resources to manipulate the file.
Similarity by Category: Gross Morphology
Six of the nine bones scanned were similar in gross morphology. Dissimilarities were
found on the left ulna, the right radius, and the lumbar vertebra. Each bone was missing one
feature. The left ulna scan did not record the guiding ridge, a slightly raised feature. This ridge
was not prominent and was likely smoothed over during post-processing. The 3D scan of the
right radius omitted a nutrient foramen. The gross morphology of the 3D scan of the lumbar
vertebra has a created artifact, distorting the shape of the bone. Additional scans or higher scan
divisions and higher resolution settings would prevent gross morphology errors in the future.
Other skeletal features were easier to identify on the 3D digital data than on the original
bone, which was the case with the vertical ridge along the inner side of the humerus, the medial
supracondylar ridge (see Figure G). Likewise, the radial fossa was more pronounced and easier
to identify on the 3D scan than the actual bone. The radial groove on the right humerus also was
easier to distinguish in the 3D scan data. Slope differentiation is well represented in the digital
skeletal material. However, these differentiations can be obscured by positioning, postprocessing, and lighting, which can exaggerate or diminish the significance of a skeletal feature.
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Figure G: Photo of Right humerus showing medial
supracondylar ridge in shape-view of 3D scan (left), and
on the original bone (right). Photo by V. Harrington.
Similarity by Category: Rugosity
Rugosity was the most successful category. All of the bone scans achieved a 100%
similarity with their original bones. During evaluation, pathological lesions were easily
misconstrued as rugosity when viewed in only shape-view. Color-view was required to
distinguish between slight reactive bone, pathological lipping, and general rugosity on several
bones.
Similarity by Category: Nonmetric Variation
The left humerus was included to test nonmetric variation due to its septal aperture. This
nonmetric trait was visually identical in the 3D scan. This structure could have been filled by the
scanning software, as the edges of a septal aperture were very thin, but instead, the rendering was
very detailed.
Similarity by Category: Pathology
Pathology had the lowest similarity rating, 11.11%. This percentage includes pathology
viewable in shape-view, color-view, or using a combination of both. There were instances when
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pathological markers required both shape-view and color-view to be seen. For instance, an
unexpected variation appeared on the right scapula glenoid fossa, which showed a possible
circular growth that could have indicated possible pathology, such as a button osteoma. After
further inspection, the possible pathology was dismissed as soil on the original bone.
Also, the actual lumbar vertebra showed considerable osteophytic growth, macroporosity,
and microporosity. The osteophytes were discernible on the 3D scan when viewed in shapeview, but both the macroporosity and microporosity required color-view to be identified (see
Figure H). Additionally, lipping, when viewed in shape-view only, appeared as rugosity and not
pathology.
For the sample in general, periostitis and microporosity could not be viewed in shapeview on most 3D scans. Periostitis and porosity are common developments on bone, and are not
always directly associated with pathological causes. However, both periostitis and porosity can
be symptoms of general or specific infection or inflammations. These pathologies should always
be noted. If these features cannot be properly captured by 3D scanning, they cannot be
appropriately assessed and ruled out or verified as pathological lesions.

Figure H: (Left) Shape-view of the lumbar vertebra. (Middle) The original lumbar vertebra.
(Left) Color-view of the scanned lumbar vertebra. Photo by V. Harrington.
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Similarity by Category: Trauma
Taphonomic damage and exposure of inner spongy bone were the most common trauma
observed on the specimens. In order to analyze this type of damage, color-view was required.
Distinguishing between perimortem and postmortem trauma was an additional complication.
Color-view was used to distinguish between damage sustained either perimortem or postmortem.
In some cases, perimortem and postmortem trauma could not be differentiated.
Additionally, antemortem damage and weathering are represented by rounded, sloped edges in
scans, which made differentiation sometimes impossible. In this sample, most postmoretem
damage was distinguishable from weathering by using both color-view and shape-view.
Display, Teaching, and Research
To determine if a scan was display, teaching, or research quality, each ranking was given
similarity percentage minimums: 50%, 75%, and 100%. In order to be used in a display setting,
the scanned bones required only high enough accuracy to be recognized by the general public as
the correct bone. A 50% similarity rating provides a digital scan that can be recognized as a
bone, but is not an identical replication suitable for educational or research purposes. Every 3D
bone scan completed in this study can be used in displays.
To use a 3D scan for teaching purposes, a higher level of accuracy is required. A teaching
collection needs a strong resemblance to be effective, but not an exact duplication. Such a
collection should show clear and identifiable osteological markers. However, these markers do
not need to be metrically identical. A 3D scan with 75% similarity to the original specimen is
representative of the bone, but not an exact replica. From the selected material, 44.44% of the
bones rated higher than 75%, at 80% similar.
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Research collections require high accuracy. The economic settings used for this pilot
study did not produce 3D scans of research quality. To produce high-accuracy 3D models, the
number of scans and divisions would need to be increased, and the post-processing would need
to be minimized. Some post-processing features can create shape discrepancies, as with the
lumbar vertebra and the artificial artifact. Limiting the automated filling functions applied to the
3D model will help keep the 3D scan as close to the original bone shape as possible. Although
the digitized bones of this sample were not sufficient for research uses, this study has provided
insight into which variables would need to be adjusted to produce the most accurate replicas.
Scanning Methods
The division setting used in this study (6 divisions) produced display-quality items at a
100% success rate and teaching quality items at approximately a 50% success. This process is
proficient at creating low-cost, low-accuracy replicas. To increase accuracy, the most direct
solution is to increase data input from the scanner. However, additional operational protocols
could increase the accuracy of the finished scan as well. Prior to scanning, technicians with
osteological training, or osteologists with 3D scanning training, could create profiles of the bones
to ensure the details were successfully replicated. Although this method has a large initial time
investment, these archives would be accessible for the foreseeable future. When 3D skeletal
archives are created, a great deal of consideration should be given to their purpose. Once the files
are created, they are unlikely to be upgraded and can endure beyond the original bones.
Producing scans at research-quality accuracy requires a large amount of data processing
power. The more detailed the scans, the larger the files will be, which may create problems with
manipulating or sharing files. However, data can be compressed to a manageable size without
altering the detailed original scan. This solution is ideal, as the data can be manipulated
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efficiently, without forfeiting the possibility of future research that would require a highly
accurate file.
Scanning and osteological training are required when scanning human skeletal remains.
Osteological knowledge focuses the preplanning process, ensuring a more successful scan and
more efficient overall process. A scanning technician without osteological training could
overlook the importance of a diagnostic skeletal feature or the significance of its absence.
Additionally, osteological knowledge is necessary to know if the 3D replication of a bone is
successful, as success is denoted by the scan’s ability to be used in osteological research.
Knowledge of the scanning software is also beneficial when evaluating digitized bone,
particularly damaged bone. The software program used in this study fills large holes in the bone
with elongated polygons (see Figure I). This representation of the surface is not indicative of the
depth of the depression, but of the angle of the laser’s backscatter. Understanding how these data
are recorded helps the researcher understand the machine, and that understanding is important to
design an optimum scanning strategy. For these reasons, a working knowledge of the software,
the hardware, and the material being digitized is essential.

Figure I: (Left) Shape-view of missing polygons. (Right) Color-view of
missing polygons. Photo by V. Harrington.
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Conclusion
Three-dimensional surface scanning is a transformative science that can overcome
obstacles in bioarchaeology created by small samples and poor preservation. Additionally, 3D
surface scanning will transform the ways osteological material is archived, collaborated on,
analyzed, and displayed. Three-dimensional scanning has the potential to increase scientific and
community access to human skeletal remains by creating samples that can be observed
simultaneously by researchers and museums around the world (see Figure J).
These possibilities are dependent on consistent and accurate 3D scanning. Developing a
protocol to ensure accuracy is a necessity and must be undertaken before extensive applications
are possible. Ideal scanning methodologies consider the bone being scanned, the hardware used
for scanning, and the software processing the scans. Digitized bones used in research should at
least be at a minimum resolution so that comparable studies are possible. More feasibly, scan
data minimums should be investigated, to ensure comparable scans are attainable regardless of
the bone being scanned or the hardware used for scanning. A scientifically sound methodology is
necessary to use bioarchaeological 3D technologies in a scientifically meaningful way.

Figure J: Three-dimensional interactive model of scanned
Moho Cay lumbar vertebra. Scanned by V. Harrington.
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CHAPTER 3: STANDARDS FOR 3D SURFACE SCANNING THE HUMAN HIP USING
THE NEXTENGINE: A CASE STUDY
Introduction
The introduction of 3D sciences and technologies has enhanced scientific methods across
disciplines. Anthropologists use 3D scanning in preservation (Allard et al. 2005; Hollinger et al.
2013; Lercari et al. 2016; McKillop and E. Cory Sills 2013), education (AbouHashem et al.
2015; Tucci et al. 2011), and research (Bilfeld et al. 2012; Decker et al. 2011; Djorojevic et al.
2014; Hennessy et al. 2002; Katz and Friess 2014; Kuzminsky and Gardiner 2012; Shearer et al.
2012; Spradley and Jantz 2016; Velemínská et al. 2013). Three-dimensional scanning offers a
pathway to permanent preservation of skeletal information and innovative analysis of human
skeletal remains, providing a particular benefit to biological anthropology and bioarchaeology.
Biological anthropology has not standardized 3D scanning requirements to ensure each 3D data
set collected is comparable among labs (Filiault 2012). Standards are important for creating
scientifically meaningful, permanent collections with the potential for globalized access.
Three-dimensional skeletal analyses are used in biological anthropology for a multitude
of purposes, including morphological quantification of the acetabulum (Gonzalez et al. 2009),
shape analysis of crania (Hennessy et al. 2002), and greater sciatic notch formation (GómezValdés et al. 2012; Gonzalez et al. 2009; Stoyanova 2015; Takahashi 2006). Size and shape
analyses of adult hip bones have been explored through a 3D platform as well (Bilfeld et al.
2012). Three-dimensional studies in biological anthropology are promising. However,
researchers utilize a variety of 3D platforms, hardware, scanning methodologies, and software
suites, which have produced disparate data sets. These data sets could create complications if
they are used in future studies without awareness of their variation in creation. Particularly,
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compiling data sets constructed at different resolutions may create errors within studies.
Standards in 3D scanning would ensure comparable data quality.
A pilot study was performed in the Louisiana State University (LSU) Digital Imaging and
Visualization in Archaeology (DIVA) Lab on nine postcranial bones from the ancient Maya
archaeology site, Moho Cay, to pinpoint the standards necessary to produce research-quality
replicas of human skeletal remains through 3D surface scanning. Moho Cay was an ancient
trading port situated at the mouth of the Belize River, which was an ideal location for trade and
maritime resource gathering. Moho Cay was at its height from 600-800 CE (McKillop 2004).
The remains excavated from this site were waterlogged on the island, leaving the bones wellpreserved. Three-dimensional scanning preserved the information from the bone and created a
digital record that is not subject to the same frailties of natural human bone. Building on that
pilot study, the goal of the current research is to identify procedures to create research-quality 3D
digital images of human skeletal remains. The study will help standardize 3D data collection in
biological anthropology for the creation of 3D digital images that are accurate representations of
the actual skeletal material. Accuracy, in this study, is the degree to which the scanned bone
conforms to the original bone in measurement, form, or specification.
Background
Three-Dimensional Scanning
The hardware and software used in 3D imaging is changing constantly. The need to
address the growing use of 3D imaging in research and recreational venues is stimulating
advancements in hardware and software, which focus on compact hardware and accessible user
interfaces in software (Katz and Friess 2014; Sansoni et al. 2009).
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Hardware and software developments have shifted scanning machinery away from
contact recording to laser-triangulation recording. Contact recording requires the scanning
hardware to make physical contact with the item being scanned, which can be damaging to
fragile human skeletal remains. This type of contact also can cause surface contamination when
scanning multiple bones. Laser-backscatter hardware requires that the item fit within a certain
space, but does not physically manipulate or alter the scanned item. These changes are a result of
improved optic sensors and lighting refinements. Such alterations to hardware subsequently have
created affordable scanners (Geng 2011; Sansoni et al. 2009). Affordable advancements are
benefitting engineering, cultural heritage, medical science, and criminal investigative sciences.
The most common non-contact 3D hardware used in biological anthropology and
bioarchaeology is Computer Tomography (CT) scanning. Sexing methods have had particular
success with CT technology, focusing on acetabular morphometrics (Gonzalez et al. 2009) and
the greater sciatic notch (Biwasaka et al. 2012; Decker et al. 2011; Djorojevic et al. 2014). This
hardware is highly accurate, and generates impressive results. CT machines are costly and
require substantial monetary, hardware, energy, and spatial resources. Expenses associated with
CT scanners are prohibitive for many laboratories. Desktop laser-triangulation scanning systems,
like the NextEngine®, present possible alternatives to the immense investments a CT scanner
requires. Desktop laser scanners are designed to collect surface shape and color data but do not
penetrate the item to record their internal structures.
The NextEngine® scanner has a +/- 100 micron to +/- 300 micron accuracy. This laser
scanner captures 268 thousand digital points per square inch of the item being scanned, with an
accuracy at .005 inches (NextEngine 2017). Laser-triangulation hardware accurately maps the
geometrical form of an item, making an identical duplicate (Weber 2014). Seven-color surface
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twin 30 Megapixel CMOS image sensors provide color data for each shape data point. Desktop
scanners such as the NextEngine® are energy efficient, cost efficient, have an accessible user
interface, and have been used successfully in biological anthropology studies (Garvin and Ruff
2012; Kuzminsky and Gardiner 2012; Shearer et al. 2012).
Pilot Study
A pilot study focused on the usefulness of 3D surface scanning archaeological skeletal
material with a NextEngine® scanner in the LSU DIVA Lab. Nine bones from a burial at Moho
Cay, Belize, were selected to include diversity in geometric complexity, rugosity, and size. The
elements selected included a clavicle, two humerii, two radii, a partial rib, a scapula, an ulna, and
a vertebra. Five categories (gross morphology, nonmetric variation, pathology, rugosity, and
trauma) were assessed to examine major osteological characteristics that would have
implications for age, sex, and health.
According to the results of the pilot study, a successful scanning method requires
preplanning with respect to each bone. Variables considered during the preplanning process were
scanning divisions (number of rotations of the scanner), scanner settings (resolution), number of
scans, ambient lighting of the scanning area, positioning of the bone, and post-processing tools
provided by NextEngine®’s built in ScanStudio® software (Harrington and McKillop 2015).
Settings were selected that were economical, in terms of time and computer memory, and
allowed collection of data in the five categories. The trial process and individual preplanning for
each bone lowered the amount of time spent correcting or rescanning segments of the bones.
The results of the pilot study showed that bone size did not affect the accuracy of the
scan. Geometric complexity did increase the likelihood of errors in the scan. In some instances,
there were 3D data on the scan that were not present on the original bone (see Figure A).
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Morphology of the bone can affect the accuracy of the scan, as subtle features are more
challenging for the hardware to capture when compared to more prominent skeletal features.
When captured, slight ridges and subtle shape changes are more visible in a 3D platform than on
the original bone (see Figure B).

Figure A: From Left to Right: Shape-view of the lumbar
vertebra, original lumbar vertebra, and color-view of the
scanned lumbar vertebra. Artificial bridging between the body
and pedicle are viewable at far left and far right. Photo by V.
Harrington.

Figure B: Right humerus in shape-view (left) and bone (right).
Medial supracondylar ridge is highlighted by the black arrows.
Photo by V. Harrington.
Parameters were set to assess a 3D scan’s use in display, teaching, and research contexts.
To use a scan within a display context, at least a 50% similarity was required across the
established five categories. Teaching-quality scans required a 75% similarity, and researchquality scans required 100% similarity. Generating display-quality scans of human skeletal
remains was relatively economical and simple with NextEngine® hardware, as this level of
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accuracy and analysis requires only that the scan be similar to the original. As such, displayquality scans required the least amount of accuracy, time, and digital resources. Producing a
teaching collection was more difficult, because the finished scans needed to have a strong
resemblance to the original bone.
Creating research collections was not possible with the settings used in the pilot study, as
they required exact, accurate replication, which was not achieved within the results of the pilot
study. Research-quality scans would require increased processing resources and result in larger
file sizes, as well as longer scan times. The pilot study provided insight into the necessary
improvements to obtain research-quality replication, which was used to structure the next
research step of isolating research-quality scanner settings.
Research Methods
Material

Figure C: Left Moho Cay hip bone. Photo by V. Harrington.
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An adult os coxa was selected from a burial at Moho Cay (see Figure C). The bone was
both large and fragmented, presenting an irregularly-shaped bone that exhibited different
thicknesses, difficult curvatures, and trabecular exposure. The complexity of this bone was ideal
for testing the reproducibility of 3D surface scanning at the research level.
A NextEngine® 3D Scanner Ultra HD package was used to scan the remains in the LSU
DIVA Lab. Netfabb® Basic software was used to measure all scans. The computer hardware
utilized for this segment of the project was a robust machine with 16 gigabytes of RAM and an
Intel i5 processor at 2.90 GHz.
Scans Settings
The NextEngine Ultra HD® and ScanStudio®, v. 2.0.2 allows manipulation of
positioning, number of divisions, resolutions (points/in2), target, and range, which affect
scanning time and required computer memory. “Positioning” refers to the rotational function of
the scanning platform, allowing for a full rotation (360°), a partial rotation (bracket), or a fixed
position (single). Resolutions or “points/in2” options are subdivided into three ranges: quick,
standard definition (SD), and high definition (HD). The “target” settings correlate to the overall
hue of the object: dark, neutral, or light. The “range” options denote the distance the camera and
laser origins are from the object and fall into “macro” (7.5-11.5 in), “wide” (22-28 in), and
“extended” (22-40 in). The range options affect the points/in2 capabilities. The highest
resolutions possible are only in macro range.
Two tiers of scan settings were selected for the project, including high-point densities at
different divisions, and combination densities and divisions (see Table 1). High-point densities
are resource intensive, requiring significant processing power and operator time. Combination
settings with either high-point densities and low divisions or high divisions and low-point
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densities require less time and have lower hardware demands. Both tiers were explored to
determine if resources were more effective when dedicated to point densities or divisions.

Combinatio
n Densities

High Point
Densities

Table 1: Tiers of Settings on NextEngine® Tested on Maya Hip Bone
Tiers
Range Divisions Rotation Degrees Points (k/in2) Time (minutes)
Macro

4

90

268

Macro

9

40

268

Macro

11

32.73

268

Macro

16

22.5

3.3

Macro

6

60

67

Memory (%)

360: 41 m
Bracket: 15.5 m
Single: 5.2 m
360: 46 m
Bracket: 15.5 m
Single: 5.2 m
360: 56 m
Bracket: 15.5 m
Single: 5.2 m
360: 36 m
Bracket: 6.9 m
Single: 2.3 m
360: 30 m
Bracket: 15.5 m
Single: 5.2 m

360: 100
Bracket: 100
Single: 39
360: 100
Bracket:100
Single: 39
360: 100
Bracket: 100
Single: 39
360: 39
Bracket: 17
Single: 1
360: 58
Bracket: 29
Single: 9

The highest data point collection setting possible is 268 thousand points per square inch
(268 k/in2). The highest possible division setting is 16, which records data every 22.5º when
using the 360° scan function. To test the high-point densities, macro range was required. Within
the macro range, 3D scans were carried out at 268 k/in2 point density at the three division
settings, including “low” (4 divisions), “middle” (9 divisions) and “high” (11 divisions).
Originally, the methodology called for scans at 16, 13, and 12 divisions at 268 k/in2. However,
the hardware could not support those scans. Varying the number of divisions was used to
evaluate the impact of divisions on accuracy.
Two scans were carried out at combinations of mid-to-low point densities and divisions,
including 3.3 k/in2 at 16 divisions and 67 k/in2 at 6 divisions. The 3.3 k/in2 point setting is the
lowest setting possible on the macro option and falls at the range of the quick options. The
setting was paired with the highest divisions (16) to provide a comparison with 268 k/in2 point
density at 4 divisions.
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The specific comparison between 3.3 k/in2 at 16 divisions and 268 k/in2 at 4 divisions
was used to determine if divisions or point densities were more important to obtain a researchquality 3D scan. A setting of 6 divisions at 67 k/in2 point density was selected to test if resources
could be split between point densities and divisions, as well as provide research-quality results.
The setting 67 k/in2 is the mid-level option within the HD category of points/in2. Including both
tiers of tests, there were five 3D scans produced of this hip bone (see Figure D).

Figure D: Scanned hip bones from left to right, top to bottom: (A) 4 divisions
at 268 k/in2, (B) 9 divisions at 268 k/in2, (C) 11 divisions at 268 k/in2, (D)
16 divisions at 3.3 k/in2, (E) 6 divisions at 67 k/in2. Photos by V. Harrington.
Visual and Metric Analyses
All five evaluation categories (gross morphology, nonmetric variation, pathology,
rugosity, and trauma) were used to evaluate 14 skeletal features on the original bone and each 3D
scan of the bone. The 14 traits included iliac crest, iliac fossa, anterior superior iliac spine,
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anterior inferior iliac spine, greater sciatic notch, iliac tuberosity, auricular surface, preauricular
sulcus, arcuate line, ischial spine, lesser sciatic notch, ischial tuberosity, acetabular fossa, and
lunate surface. Each feature was compared for similarity between the original bone and its 3D
scan.
Viewing the 3D scanned bones in ScanStudio® allowed for viewing the scans in shapeview and color-view (see Figure A). The software’s shape-view includes geometric data and
excludes the color associated with the shape information. The color-view option overlays the true
color data on the shape data.
The 3D scanned bones and the original specimens were compared for similarities in
metric dimensions as well. Metric analysis was conducted using five arbitrary measurements (see
Figure E). The original bone was fractured in such a way that traditional standard measurements
of maximum height, maximum breadth (Bass 1997:191; Buikstra and Ubelaker 1994:82), os
coxae pubis length, and os coxae ischium length (Buikstra and Ubelaker 1994:82) were not
possible.
Measurement 1 was taken from the most superior and inferior points inside the acetabular
rim, extending the greatest length of the acetabulum and parallel to the longitudinal plane of the
bone. Measurement 2 was taken perpendicular to Measurement 1, extending across the width of
the acetabulum. Measurement 3 was taken to approximate the ischial length, which is typically at
a perpendicular angle to the pubic length. The pubic length was not present and could not be
used to orient Measurement 3, which was placed in the deepest part of the acetabulum to the
furthest present point on the ischium. Measurement 4 extended from the mid-superior point of
the iliac crest to the most inferior point on the ischial tuberosity. This measurement was a proxy
for standard height, which the bone was too fragmented to measure (Bass 1987:191). Likewise,
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the breadth of the ilium was too fragmented to measure a true iliac breadth, so Measurement 5
was a proxy for this measurement, extending from the anterior superior iliac spine to the
posterior inferior iliac spine (Bass 1987:191).

Figure E: Scan of left hip bone at 4 divisions at 268 k/in2. Left: Medial view
showing placement for Measurements 4 and 5. Right: Lateral view showing
placement for Measurements 1, 2, and 3. Photo by V. Harrington.
Each measurement was taken three times on both the original bone and then on each 3D
scan of the bone. Paired t-tests were performed at 𝝰𝝰 0.05 to compare Measurements 1 through 5
individually as well as each tested scan setting as a whole. The null hypothesis was that there

would be no significant metric differences between the measurements taken from the 3D scanned
bones and those from the original specimen.
Measurements were used to test reproducibility and accuracy, not for the analyses
possible from those specific lengths. Original bone measurements were collected with calipers
and an osteometric board where appropriate. Measurements of scanned bones were taken with
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NetFabb® software. Descriptive statistics and paired t-tests were used to show similarities and
differences between the 3D scanned bones and the original specimen.
Sex and Age Analysis
Table 2: Sex Decision Table Based on Features of the Adult Hip Bone
Trait

Males

Females

Size

Large and Rugged

Small and Gracile

Development of Muscle Markers

Marked, Rugged

Gracile, Smooth

Acetabulum Size and Orientation
Ilium: Sciatic Notch Shape and Size

Large, Directed Laterally Small, Directed Anterolaterally
Small, Deep

Wide, Shallow

Ilium: Auricular Surface Height

Not Raised

Raised

Ilium: Preauricular Sulcus

Absent or Thin

Large, Circular

Ilium: Shape

High, Vertical

Laterally Divergent

Greater Sciatic Notch

Narrow

Wide

The original bone and each successful bone scan were evaluated for age and sex.
However, the actual age and sex information for this bone was unavailable given its
archaeological context. To assess age, the aspects of the auricular surface were used (Buikstra
and Ubelaker 1994:24-32; White and Folkens 2005:382-383). Sex determination was performed
using a truncated composite sexing table to omit the missing skeletal features (see Table 2). The
table was constructed from compiling the methods used in common osteological texts (Bass
1987:200-205; Buikstra and Ubelaker 1994:17-19; White and Folkens 2005:393-397).
Results
Overall Visual Similarity
Overall visual similarity was above 90% for all settings and divisions selected (see Table
3). The lowest overall similarities were 92.86% for both 11 divisions at 268 k/in2 and 9 divisions at
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268 k/in2. These settings had five dissimilarities out of 70 assessed characteristics (14 per category)
across the same three categories: pathology, rugosity, and trauma. The next lowest overall similarity
was 94.29% for both 6 divisions at 67 k/in2 and 16 divisions at 3.3 k/in2, which was the result of
four dissimilarities out of 70 evaluated characteristics. Both settings showed dissimilarities in
rugosity and trauma, and 6 divisions at 67k/in2 also had a dissimilarity rating in pathology. The
highest overall similarity rating was 69 similarities out of 70 evaluated characteristics (98.57%) and
was achieved by 4 divisions at 268 k/in2. This setting had a single discrepancy in rugosity.
Table 3: Counts and Percentages of Similarity for Visual Comparison of 3D Os Coxae
Scanning Divisions and Point Densities
Category
6 divisions
4 divisions
16 divisions
11 divisions
9 divisions 268
67 k/in2
268 k/in2
3.3 k/in2
268 k/in2
k/in2
100% 14 100%
14
100%
14
100%
14
100%
Gross Morphology 14
13 92.86% 13 92.86% 13 92.86% 13 92.86% 13
92.86%
Rugosity
13 92.86% 14 100%
11 78.57% 11 78.57% 11
78.57%
Trauma
12 85.71% 14 100%
14
100%
13 92.86% 13
92.86%
Pathology
Nonmetric
14
100% 14 100%
14
100%
14
100%
14
100%
Variation
Out of 70
66 94.29% 69 98.57% 66 94.29% 65 92.86% 65
92.86%
Evaluations
Age and Sex
Table 4: Age Decision Chart using the Auricular Surface Morphology
Bone Medium
20-24
25-29
30-34
35-39
40-44
0
0
0
0
1
Original Specimen
2
0
0
0
0
1
4 / 268 k/in
0
0
0
0
1
6 / 67 k/in2
2
0
0
0
0
1
9 / 268 k/in
0
0
0
0
0
11 / 268 k/in2
2
0
0
0
0
1
16 / 3.3 k/in

45-49
3
5
5
5
5
5

50-60
3
2
3
2
2
2

60+
2
1
1
1
1
1

All age assessments performed on 3D bone scans encompassed the age determination of
the actual bone, except for 11 divisions at 268 k/in2 (see Table 4). All of the settings, except for
11 divisions at 268 k/in2, aged the individual at 40-60+ with a higher probability of being
between the ages of 45-60. The outstanding setting aged the individual at 45 to 60+ with a higher
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probability of being between 45 and 60. The age decision charts of the 3D scans are comparable
to the actual bone age assessment. All 3D bone scans were sexed as male, as was the original
bone.
Metrics and Statistical Similarity
The statistics show that there is no significant difference in the metrics collected for the
original bone and the scans at 4 and 11 divisions at 268 k/in2 each (see Table 5). Measurement 4
showed high amounts of variation and pertained to the highly fragmented iliac crest, which made
landmark placement difficult. Due to the likelihood that the variability was due to measurement
application, and not the quality of the scan, the measurement was omitted.
Table 5: Paired T-test Results Comparing Measurements on 3D Hip Bone Scans
Setting: Divisions

Setting: (Points)
2

Measurements
1

2

3

5

Overall

0.72

0.00

0.27

0.97

0.08

4 divisions

2

268 k/in

0.27

0.51

0.51

0.72

0.95

16 divisions

3.3 k/in2

0.04

0.69

0.05

0.29

0.64

11 divisions

268 k/in2

0.06

0.34

0.30

0.82

0.58

9 divisions

268 k/in2

0.03

0.15

0.16

0.81

0.73

6 divisions

67 k/in

Metadata
ScanStudio® provides an estimate of time necessary to complete each scan based on the
selected settings. The total scan time for this project was 26.05 hours according to
ScanStuido®’s estimated times (see Table 6). This metadata does not include the amount of time
required to take measurements or visually assess the hip bone in 3D. The research required
approximately 86 hours of actual scan time, equaling approximately three hours of actual scan
time per each hour of scan time estimated by ScanStudio®. The data collection (scanning and
measuring) was carried out over the course of two months.
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Table 6: Estimated Scan Time per Setting
Divisions
Points
360 Bracket
2
3
0
16
3.3k/in
2
6
0
4
268 k/in
2
3
0
6
67 k/in
3
2
9
268 k/in2
2
6
1
16
268 k/in
6
1
11
268 k/in2
27
4
Total

Single
3
5
7
6
0
2
23

Total Scans
6
9
10
11
7
9
52

Estimated Time (hours)
2.23
2.56
2.24
3.55
8.98
6.49
26.05

Discussion
Visual Assessments
Of the settings selected, 4 divisions at 268 k/in2 was the most visually accurate at
98.57%. The setting of 4 divisions at 268 k/in2 had a single discrepancy within the 70 traits rated
across the five categories. This discrepancy was within rugosity. Every scan contained the same
discrepancy in this category. The anterior superior iliac spine presented as more rugged on the
3D scans due to the high detail of the scan combined with the ability to remove the color from
the shape. To evaluate the 3D scanned bones, both color-view and shape-view were used for
visual assessments. The setting, 4 divisions at 268 k/in2, consistently produced accurate
geometric data. Producing scans at the same point density (268 k/in2) at higher divisions (9 and
11) did not increase the accuracy of the scanned bone (see Table 3).
Metric Assessments
Paired t-tests were conducted to test the comparability of the metric data. The null
hypothesis stated that there would be no difference between the digital measurements and the
orignal bone measurements. The null hypothesis was tested at a 𝝰𝝰 of 0.05. Of the settings

selected for these tests, 4 divisions at 268 k/in2 and 11 divisions at 268 k/in2 failed to reject the
null for every measurement. Although these results are promising, the sample size is small.
These results are encouraging, but should not be overstated.
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Measurements taken using NetFabb® software were easier to place, correct, and record
than measurements taken using traditional tools. Calipers and osteometric boards can require
multiple hands to appropriately position the bone for measurements. Many affordable
osteometric boards and caliper sets only provide readings to a millimeter. More expensive digital
calipers and osteometric boards can provide readings to the hundredths of a millimeter. Most
digital measurement software allow for measurement capabilities up to ten thousandths of a
millimeter without a significant cost difference. In addition, measurement points can be reset
with digital measurement software, ensuring proper point-to-point measurement placement and
repeatability.
Three-Dimensional Scanning
Both the pilot study and the current study indicate that accurate 3D scans require a
scanning technician with a detailed knowledge of human osteology. Knowledge of osteological
analysis and skeletal morphology are essential for the scanning process. Skeletal features that are
required for building a biological profile (sexing, aging, and general analyses) require
consideration during the preplanning and scanning process. Without osteological knowledge, the
3D scan may obliterate or obscure important skeletal information. To build a biological profile,
aspects of the skeleton, such as the auricular topography or pubic morphology, must be carefully
detailed to ensure accurate aging and sexing can be performed. Distortions of 3D data in those
areas can undermine the entire purpose of 3D scanning human hip bones. Similarly, knowledge
of the 3D scanner and software is also required, as different scanning methods will influence the
quality of the scan. For example, knowing the extent and processes the software uses to fill in
missing data points is critical, so that creating artificial “artifacts” in the scan can be avoided and
noted. Mastery of the 3D scanning software and hardware and an advanced knowledge of the
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type of item being scanned are vital in maximizing the productivity of the scanner and
maintaining accuracy in the completed 3D scan.
Conclusion
Using the NextEngine® desktop 3D scanner with expert scanning and osteological
knowledge at 4 divisions at 268 k/in2 point density can produce research-quality scans of human
os coxae. The application of this process can be extrapolated to additional skeletal elements.
Affordable, research-quality scanning provides opportunities in biological anthropology,
particularly opportunities related to preservation of skeletal information, communicating research
between the public and scientific institutes, and improving access between isolated collections
and researchers across the globe.
Currently, availability of collections is limited by a researcher’s access and ability to
travel to the material. Affordable and scientifically accurate 3D scans of a collection could
potentially be downloaded and analyzed by scientists from any location with an internet
connection and suitable computer hardware (see Figures F-J). Digital osteology balances
opportunity among researches by minimizing project costs and travel requirements. Software to
manipulate and measure 3D osteological data is developing rapidly. The ability to evaluate
skeletal material on a 3D platform allows for new avenues of research and shape analyses to not
only provide additional insight to old questions, but also to expand the types of questions that
can be answered.
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CHAPTER 4: TESTING 3D SURFACE SCANNING STANDARDS ON 20 MODERN HIP
BONES
Introduction
Biological anthropologists rely on skeletal remains to provide information on the person
or population being studied. The fragility of human bone and restricted access to skeletal
collections create limitations for research. Additionally, traditional recording tools, such as
skeletal description forms and photographs, lack visual depth, which is beneficial in analyzing
osteological features. Traditional recording methods also provide limited metrics, reducing the
measurements available to only those previously recorded on the forms. Three-dimensional
scanning has recently emerged as a possible solution to these issues. Three-dimensional scanning
addresses possible advances in preservation of skeletal information, skeletal collection access,
visual recording methods, and metric analyses.
In this study, a new method for study of archaeological hip bones using 3D scanning and
digital measuring is evaluated using a modern skeletal collection. Researchers in 3D scanning
and analyses require the scan to be accurate enough that analyses can be conducted with only the
3D scan as the reference material 1. The ability to store files permanently, share them
electronically, and analyze 3D scans of skeletal remains with new 3D analytic software is
meaningful if the 3D renderings are of research quality. Three-dimensional scanning is a
versatile subset of 3D technological sciences that is supported by a variety of scanner hardware
types and software packages, creating opportunities to generate and evaluate 3D skeletal records.
However, the many choices in hardware and software create variability in both the process of
recording and the resulting scan quality.

1

Casts of bones are used for research, but 3D scans have additional benefits such as sharing and
being able to be enlarged without additional cost.
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Background
Three-Dimensional Scanning in Biological Anthropology
Three-dimensional scanning is used in biological anthropology to image both the internal
and external surface of skeletal material. Internal scans are primarily created through the use of
Computer Tomography (CT), including MicroCT scanners, which create photographic slices of a
selected bone at set interval depths. The slices can be stacked in order to recreate the external and
internal geometry of the item. Additionally, CT scans can be rendered as two-dimensional (2D)
images.
Three-dimensional surface scanners are less expensive than CT scanners, which provide
3D renderings of internal geometries as well as surface geometries. The 3D surface scanners use
two methods to capture data: contact and non-contact. Contact 3D scanners, such as the
Microscribe®, are digitizers that require the scanning apparatus to touch the bone at several
points, building the geometry of the item being scanned from each contact point. Non-contact
hardware options, such as the NextEngine® laser scanner, use lasers to record distances and
angles between the item being scanned and the camera of the scanner.
Recording and analyzing in 3D has been used across many of anthropology's subfields,
including site recording in archaeology (Forte et al. 2015; Subsol et al. 2015), cranial
modifications in bioarchaeology (Kuzminsky et al. 2016), pubic bone analysis in forensic
anthropology (Sholts et al. 2010; Slice and Algee-Hewitt 2015; Villa et al. 2015a), and creation
of 3D printed replicas of artifacts for exhibits (McKillop and Sills 2013). Specifically within
biological anthropology, categories of study are expansive and include pathological analysis
(Coqueugniot et al. 2015), ancestry identification (Clark et al. 2016; Sholts et al. 2011),
craniometric analysis (Spradley and Jantz 2016; Sadeq and Fatah 2015), stature re-creation
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(Torimitsu et al. 2015), and age and sex determination (Slice and Algee-Hewitt 2015; Stoyanova
et al. 2015; Villa et al. 2015a).
The hardware used in previous research ranges from expensive CT and MicroCT
scanners to more affordable desktop 3D surface scanners. CT scanners are popular in biological
anthropology because they generate images of the internal structures of bones. Viewing the
internal structure can be useful for observing the extent of pathology within a bone (Coqueugniot
et al. 2015) or possible sex determination from an enclosed aspect of the skeleton, such as frontal
sinus morphology (Michel et al. 2015). CT scanners have been used to record and analyze the
external curvatures and geometry of pelvic bones as well, and some studies have used CT
scanners in this manner to estimate stature in adults (Torimitsu et al. 2015) and to determine sex
in juveniles (Wilson et al. 2016). Comparisons of surface volume and surface area of different
skeletal elements to create a sex determination function also has been pursued using CT scanners
(Lee et al. 2015). There are many options for surface scanning hardware including different
mechanical methods, user interfaces, and costs. Researchers often use a mixture of scanners
either to increase the types of information collected (Forte et al. 2015; Subsol et al. 2015) or to
compare the benefits and disadvantages among multiple scanner types (Algee-Hewitt and Wheat
2016; Mathys et al. 2013; Ward et al. 2015; Villa et al. 2015b). For instance, Mathys et al. (2013)
compared the use of CT scanners, photogrammetry software (AgiSoft), and the NextEngine® in
conservation of museum items, and concluded that a photo-centric 3D technology like
photogrammetry provided the best results for museum display.
Three-dimensional studies in biological anthropology often are comparison studies
focused on specific attributes being measured, the usability of the scan for a specific purpose, or,
less frequently, testing the scan’s accuracy with the original object. Some of the specific
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attributes tested have been the pubic symphysis for aging purposes using CT and NextEngine®
scanners (Villa et al. 2015a), bite mark identification analysis using contact scanners
(Microscribe®) and a laser, non-contact scanner (NextEngine®; Molina and Martin De Las
Heras 2015), and clavicle identification comparing results from radiographs and a NextEngine®
(Stephan and Guyomarc’h 2014).
In a study of the human pelvis, researchers compared three scanners, which were a
Faro®, a Minolta®, and a custom laser scanner. The researchers noted that each scanner had its
own bias in the final scan (Villa et al. 2015b). Algee-Hewitt and Wheat (2015) tested the
NextEngine®’s viability on analyzing cranial variation with the same landmark generated by a
Microscribe® contact scanner, and found the NextEngine® to be comparable, but with some
differences in morphology of the eye region (orbits).
NextEngine® scanners are popular in biological anthropology (Algee-Hewitt and Wheat
2015; Clark et al. 2016; Guladi-Russo et al. 2015; Kuzminsky et al. 2016; Mathys et al. 2013;
Sholts et al. 2010, 2011; White 2015). Standardization of scanning methods for human skeletal
material using a NextEngine® 3D surface scanner has been discussed (Filiauilt 2012; Sholts et
al. 2011). There is no explicit agreement for the methods proposed in the published literature.
Some researchers focused on placement of the individual bones and idiosyncratic options such as
the lighting and angles of positions (Filiauilt 2012), whereas other researchers were concerned
with the degree of platform rotation during 360º scans (divisions) and the overall number scans
completed to create a model (Sholts et al. 2011).
Researchers use a variety of settings in capturing 3D digital images. In a study of
archaeological artifacts using the NextEngine® 3D scanner, Polo and Felicisimo (2012) found
that the macro setting is half as reliable as the wide setting, but that neither setting was as
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accurate as the manufacturer claimed. Considering this finding, two studies creating and
evaluating standards were carried out.
Previous Research
In 2015, a pilot study of 3D surface scanning was carried out using nine postcranial
archaeological bones from the ancient Maya trading port of Moho Cay, Belize (McKillop 2004)
using the NextEngine® in the Louisiana State University (LSU) Digital Imaging and
Visualization in Archaeology (DIVA) Lab. The goal of the study was to understand the basic
production capabilities of the NextEngine® for display, teaching, and research uses. The bones
were evaluated for visual accuracy in five categories, which were gross morphology, nonmetric
variation, pathology, rugosity, and trauma. Observations and measurements of the bones and 3D
digital scans revealed that although the NextEngine® created display and teaching-quality
remains, the 3D scans were not accurate enough for research purposes (Harrington and McKillop
2015).
Expanding on that research, a second study was conducted to identify scan settings on the
NextEngine® that would result in research-quality scans of human hip bones. The study
evaluated visual similarity in the aforementioned five categories. Also, metric similarities for
five measurements between the hip bone and the 3D scanned image from Moho Cay were
evaluated. All research was carried out in the LSU DIVA Lab. The results of the study showed
that four divisions (rotations, with each rotation capturing a line-of-sight 3D image) at a point
density of 268 thousand points per square inch (268 k/in2) on the macro setting of the
NextEngine® 3D surface scanner created an accurate 3D digital scan of the hip bone (Harrington
and McKillop 2016). Increasing the number of divisions did not increase the accuracy of the 3D
image. Moreover, higher divisions increased scan time, and the computer crashed.
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Materials
Skeletal Sample
The human skeletal remains selected for this study were chosen from the donated skeletal
collection housed at the Forensic Anthropology and Computer Enhancement Services (FACES)
Lab at LSU. All selected remains were fully-fused adult left hip bones. Twenty specimens were
chosen, including six females and 14 males. Of the males, 10 were white, and four were black.
Of the females, none were white and six were black.
Bones available for study through the FACES Lab were chosen for their known age and
sex data. No preference was given for age, sex, ancestry, or potential for pathology. However,
the selected remains did have a geographic bias, given the nature of their collection and the
geographical boundaries under the jurisdiction of the FACES Lab in Louisiana.
Methods
Three-Dimensional Scanning
All hip bones were scanned in the LSU DIVA Lab following procedures developed
through the pilot study and refined through the follow-up study. Each bone was scanned on a
NextEngine® at 4 divisions at 268 k/in2 point density. The number of scans performed was not
standard, as scans were taken in full rotations (360º), partial rotations (bracket), and single scans
as required to record the total geometry of the bone. Post-processing was limited. Only data that
did not pertain to the bone, or that was better represented by a different scan, was removed to
avoid deleting actual skeletal information or introducing erroneous data.
Metric Assessment
Four measurements were taken twice for each specimen, once on the actual bone and
once on the 3D image. The four measurements are basic standardized hip measurements found in
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commonly referenced osteological texts (Bass 1987:191; Buikstra and Ubelaker 1994:82).
Measurement 1 is the “Os Coxae Height” (OCH), which measures the distance between the most
superior point on the iliac crest to the most inferior point on the ischial tuberosity, thus
measuring the longest axis of the bone. Measurement 2, the “Os Coxae Iliac Breadth” (OCIB),
measures the perpendicular axis to the OCH, spanning the distance between the anterior-superior
iliac spine to the posterior-superior iliac spine. Measurement 3, the “Os Coxae Pubis
Length”(OCPL), records the distance from the converging point of the ilium, ischium, and pubis
in the recess of the acetabulum to the superior aspect of the pubic symphysis. This measurement
requires the calipers to be placed parallel to the long axis of the bone. Measurement 4, the “Os
Coxae Ischium Length” (OCIL), measures the distance from the same acetabular placement of
Measurement 3 to the distal most point on the ischial tuberosity, which was perpendicular to the
OCPL. All bone measurements were taken in centimeters to the tenths decimal place using either
manual calipers or an osteometric board. The same measurements were taken on the 3D digital
images of bone using Netfabb® software. Although taken to the hundredths in millimeters,
measurements were rounded down to centimeters to the tenths decimal to be comparable to the
bone measurements taken with calipers and osteometric boards.
Statistics
Paired t-tests were performed on each measurement group (OCH, OCIB, OCPL, and
OCIL). The null (H0) stated that no difference existed between the bone and 3D digital
measurements at an 𝝰𝝰 of 0.01. The implications of this digitization may result in methods

employed in many branches of biological anthropology, including forensic anthropology or
medical anthropology. For those applications, a methodology must be highly repeatable and
highly statistically significant. To better gauge these implications, a significance level of 0.01
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was selected. Descriptive statistics also were calculated for the differences between the bone and
digital image measurements by bone, specifically isolating the range of differences to show the
variation.
Visual Assessment
Table 1: Blank Form for Visually Assessed Traits in Five Categories on 20 Modern Hip Bones
Gross
Nonmetric
Bone
Feature
Rugosity
Trauma Pathology
Morphology
Variation
Ililum
General
Ililum
Iliac Crest
Ililum
Iliac Fossa
Anterior Superior
Ililum
Iliac Spine
Anterior Inferior
Ililum
Iliac Spine
Posterior Superior
Ililum
Iliac Spine
Posterior Inferior
Ililum
Iliac Spine
Greater Sciatic
Ililum
Notch
Ililum
Iliac Tuberosity
Ilium
Auricular Surface
Ilium
Preauricular Sulcus
Ilium
Arcuate Line
Iliopubic
Ilium/Pubis
(iliopectineal) line
Ischium
General
Ischium
Ischial Spine
Ischium
Lesser Sciatic Notch
Ischium
Ischial Tuberosity
Pubis
General
Pubis
Pubic Symphysis
Pubis/Ischium Obturator Foramen
Obturator Groove
Pubis/Ischium
(Sulcus)
Acetabulum
General
Acetabulum
Acetabular Fossa
Acetabulum
Lunate Surface
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Visual assessments were conducted in five categories, including gross morphology,
nonmetric variation, pathology, rugosity, and trauma. Twenty-four features were assessed for
each category (see Table 1). The assessments were carried out on the 20 bones and 3D digital
images (n=120 per bone, n=2,400 total). Each feature was rated as either in “agreement” or
“disagreement.” Percentages of agreements were calculated for each category and each bone.
Sex and Age Analyses
Table 2: Compiled Sex Decision Chart Based on Feature of Adult Hip Bone
Trait

Males

Females

Size

Large and Rugged

Small and Gracile

Development of Muscle Markers

Marked, Rugged

Gracile, Smooth

Obturator Foramen

Large, Ovid

Small, Triangular

Acetabulum Size and Orientation

Large, Directed Laterally Small, Directed Anterolaterally

Ilium: Sciatic Notch Shape and
Size

Small, Deep

Wide, Shallow

Ilium: Auricular Surface Height

Not Raised

Raised

Ilium: Preauricular Sulcus

Absent or Thin

Large, Circular

Ilium: Shape

High, Vertical

Laterally Divergent

Pubic: Shape

Narrow and rectangular

Broad and Square/Rectangular

Subpubic Concavity/Angle

V-shaped; less than 90°

U – shaped; more than 90°

Ischiopubic Ramus Ridge

Ridge Absent

Ridge Present

Greater Sciatic Notch

Narrow

Wide

Ventral Arc Presence

Arc Absent

Arc Present

Sex was assessed using a composite table (see Table 2), created from the methodologies
outlined in Human Osteology (Bass 1987:200-205), Standards for Data Collection from Skeletal
Remains (Buikstra and Ubelaker 1994:17-19), and The Human Bone Manual (White and Folkens
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2005:393-397). Sex determinations of the 3D digital images of the bones and the specimens were
compared to the records from the FACES Lab.
The auricular surface (Buikstra and Ubelaker 1994:24-32; White and Folkens 2005:380383) and the Suchey-Brooks pubic method (Buikstra and Ubelaker 1994:23-24; White and
Folkens 2005:378-379) were used to create an age probability table for each bone. If the
recorded age of the individual, or the age ranges assigned by the FACES Lab, fell within the
range by author, then ages were recorded as in “agreement.”
Results
Descriptive Statistics
Differences were calculated for each pair of measurements (bone and 3D scanned image)
for each bone (n=80) (see Figure A). Overall, 73 of the 80 measurements taken (91%) had a 3
mm or less difference between the original bone measurements and the measurements taken on
the 3D digital scans. The remaining seven measurements (9%) had 4 - 9 mm difference.
Thirty-one measurements (39%) had no difference between the bone and 3D digital
image. Of these 31 measurements, six were OCH, 13 were OCIB, five were OCIL, and seven
were OCPL. These measurements spanned 18 different bones (modern samples 2-20). Twentyfive measurements (31%) had a 1 mm difference. Of these 25 measurements, eight were OCH,
six were OCIB, five were OCIL, and six were OCPL. These measurements were on 18 different
bones (modern samples 2-18, 20). Eleven measurements (14%) had a 2 mm difference. Of these
11 measurements, three were OCH, one was OCIB, four were OCIL, and three were OCPL.
These were divided among eight bones (modern samples 1, 4, 5, 6, 7, 10, 11, 19). Six
measurements (7%) had a 3 mm difference. Of these six measurements, one was OCH, four were
OCIL, and one was OCPL. These six measurements spanned five bones (modern sample 1, 2, 6,
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11, 12). Three measurements had a 4 mm difference, with one measurement being OCIL and two
being OCPL. These measurements were found on two bones, modern sample 8 and 18. A 5 mm
difference was found on two bones (modern sample 1, 14) and was in measurements OCH and
OCPL. One measurement, OCIL on modern sample 15, had a 6 mm difference. The highest
difference, 9 mm, was found on one measurement (OCH) on Modern sample 15.
5 mm
3%
4 mm
4%

6 mm
1%

9 mm
1%

3 mm
7%
0 mm
39%

2 mm
14%

1 mm
31%

Figure A: Variation in measurements for the entire sample of 20 modern os coxae.
Inferential Statistics
Table 3: Metric Analysis of Measurements of the Hip Bones
OCH 2
OCIB 3
OCPL 4
0.032711031
.096149688
.239733
P-value (.01)
19
19
19
Df
Paired T-test Sample
Failed to Reject
Failed to Reject
Failed to Reject
for Means:
H0 = 0

2

Os Coxae Height
Os Coxae Iliac. Breadth
4
Os Coxae Pubis Length
5
Os Coxae Ischium Length
3
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OCIL 5
.687655497
19
Failed to Reject

Paired t-tests were conducted on all four measurements (OCH, OCB, OCPL, and OCIL)
at 𝞪𝞪 0.01. These test failed to reject the null hypothesis (H0 = 0). These results indicate that the

differences between bone and 3D digital image measurements were not significant (see Table 3).
Visual Similarities: Categorical
The overall percentage of agreement for all five visual categories was 96% (see Table 4).

The highest categories were gross morphology and nonmetric variation, both testing at ~99%.
The next highest was pathology and trauma at 96%. The lowest category was rugosity at 90%
agreement.
Table 4: Visual Similarities by Category for 20 Modern Hip Bones
Category
Agreements
Percentages
477/480
99.375
Gross Morphology
434/480
90.4167
Rugosity
476/480
99.1667
Nonmetric Variation
462/480
96.25
Pathology
459/480
95.625
Trauma
2308/2400
96.1667
Overall
Visual Similarities: Bone
All 20 bones individually rated at 90% similarity or higher. Twenty-five percent of the
sample (Modern sample 1, 4, 7, 16) fell between 90% - 95% similarity. Seventy-five percent of
the sample rated from 95% - 99% similarity.
Sex and Age
All digitally sexed bones matched the sexes provided by the FACES Lab. The ages were
known for the individuals in 11 cases and assigned by the FACES Lab in nine cases. Nineteen of
the age ranges calculated from the 3D digital images of bones were in agreement with the exact
ages or age ranges provided by the FACES Lab. The digital age of Modern sample 2 fell short of
the actual age by two years. However, the age assessment was in agreement with the FACES
Lab’s age assessment of the skeleton. Both the FACES Lab assessment and the digital scan
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assessment fell slightly short of the individual’s actual age in this case, suggesting that skeletal
age was not identical to biological age. Given the agreement between the sex assigned by the
FACES Lab and in this study, the sample was considered in “agreement” since the assessment of
the digital scan was accurate but the age anomalous. All 20 digitally assessed ages were in
agreement with actual ages and assessed age ranges provided by the FACES Lab (see Table 5).
Table 5 : Age Comparisons between Digital Bones and FACES Assessments
for 20 Modern Hip Bones
Modern
Age Assessed on Digital
Age Provided by
Agreement
Sample
Bone
FACES Lab
27 (35-60) 60+
40 - 60 (55)
Agree
1
20 (21-46) 49
25-40 (51)
Agree
2
34 (40-60+) 86
48
Agree
3
23 (30-44) 57
51
Agree
4
42 (45-60+) 87
76
Agree
5
23 (45-60+) 66
62
Agree
6
25 (45-60+)87
85
Agree
7
27 (40-60+) 66
62
Agree
8
34 (45-60+) 86
64
Agree
9
27 (45-60+) 86
50+
Agree
10
34 (45-60+) 86
50-60
Agree
11
40 (42-60+) 87
58
Agree
12
21 (35-46) 49
28 - 40
Agree
13
34 (35-60) 86
48
Agree
14
23 ( 40- 60+) 66
43
Agree
15
27 (45 - 60+) 66
50+
Agree
16
23 (35-57) 60
51
Agree
17
19 (30-40) 44
28 - 38
Agree
18
26 (30-39) 70
28 - 38
Agree
19
26 (30-44) 70
28 - 38
Agree
20
Metadata
The minimum number of scans recorded to digitize all 20 hip bones was 470 (see Table
6). However, some scans were not able to be documented appropriately due to computer
malfunctions and lost data. The average number of scans to create a 3D hip bone was 23.5, but
ranged from 15 to 39. The estimated total scan time provided by ScanStudio® was 52.3 hours,
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with the average time per bone being 2.615 hours. The scan time estimated by ScanStudio®
ranged from 1.4 hours to 4.4 hours. Actual scan time was 288 hours, equaling approximately 5.5
hours of actual scan time per hour estimated by ScanStudio®. The number of days dedicated to
each bone varied from three days at the least to 14 days at the most.
Table 6: Descriptive Statistics of Performed Scans and Estimated Scan Times
Number of Scans
Estimated Time (hours)
23.5
2.615
Mean
21.5
2.7
Median
21
3
Mode
15
1.4
Minimum
39
4.4
Maximum
470
52.3
Sum
20
20
Count
Discussion
This study tested the viability of using the NextEngine® hardware at 4 divisions at 268
k/in2 point density to produce consistent research-quality scans of human hip bones. Given the
results of the visual, age, sex, and metric comparisons, this study was successful. Researchquality scans are possible when using this method.
Metric Accuracy
Metrically, the digital scans of the 20 original bones were comparable and highly
accurate. The highest variations were at 6 mm and 9 mm, which are large differences, but only
occurred with 2% of the sample. The majority of the sample (>90%) consisted of a ≤ 3 mm
difference. The differences for each set of measurements (OCH, OCIB, OCPL, and OCIL) were
not statistically significant at 𝞪𝞪 0.01. The results indicate that measurements taken on the digital
scans are of research quality when captured using this scanning method.
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Digital measurement methods exceed those available by common tools such as calipers
and osteometric boards and can be conducted with a multitude of software options including
Netfabb Basic® used in this study. Digital measurements allow for more precise computations,
exceeding the decimal capabilities common on calipers and osteometric boards. Also, the digital
measurements allow for more precise landmark placement, as well as the ability to reset
landmark placements if the measurement is not correctly oriented. Measurements conducted on
3D files can be saved on a copy of the scan itself to keep an informative record of how the
measurements were taken (see Figure B). Additionally, the measurements can be exported in a
format directly accessible for statistical analysis software without introducing additional human
error via the hand-writing and entering of measurement data.

Figure B: Measurements taken on Modern
Sample 1. Photo by V. Harrington.
Visual Assessments
The highest percentages of visual agreements were in the categories of gross morphology
and nonmetric variation at ~99% similarity. Variations found within gross morphology were
associated with scan “artifacts” produced by the software (see Figures C and D), which are the
direct product of bone malformation and easily isolated during visual assessment. In the case of
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Modern sample 6, the iliac fossa was thinned and slightly perforated. The 3D software connected
the edges of the 3D data, creating an “artifact” on the scan. Within ScanStudio®, this additional
shape data can be deleted, but cannot be corrected to the original bone shape. The additional
shape data were not deleted to prevent the possible deletion of actual 3D bone data. The color
data for the digital hip bones were not photorealistic.

Figure C: (Left) Modern Sample 6’s scan artifact.
Photo by V. Harrington.

Figure D: (Right) Modern Sample 15’s scan
artifact. Photo by V. Harrington.

The categories of pathology and trauma both tested at 96% similarity. Rugosity presented
the least amount of agreement at 90%, which is consistent with study two. Rugosity is more
pronounced when viewed in the 3D software, which is due to the software’s ability to remove
color and texture information and leave the shape data in stark relief. Individually, all of the
bones were 90% or higher in accuracy. Seventy-five percent of the sample was ≥ 95% accuracy.
Overall, the sample showed 96% agreement.
Visual assessments in 3D software allow for the bone geometry to be separated from
color in a way that black and white photography does not. Viewing the bone without color data
allows the morphology of the bone to be clearer, which results in the differences in rugosity
between the bone and the 3D digital image assessments. However, these differences were in
degree of rugosity, not difference between smooth bone and rugged bone.
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Color collected by the NextEngine® is easily altered by environmental factors, including
ambient lighting, reflective bone surface, greasy bone exterior, and light source placement. The
color data generated by the NextEngine® is inconsistent and appears to be the first component of
a scan to be corrupted when the scan is damaged (see Figure E). Color data can be useful in
assessing trauma and pathology, but is overall less of a concern, as many output file types
necessary for viewing and printing 3D scans only display without color.

Figure E: Modern Hip Bone Sample
15's photo corruption from the
NextEngine®. Photo by V. Harrington.
Sex and Age
All digitally evaluated sexes and ages were in agreement with the FACES Lab’s records.
Traditional visual sexing methods were easily applied in the 3D platform, as the image of the
bone was easy to manipulate and enlarge, making ventral arcs and sulci accessible for
assessment. The 3D platform lent itself to evaluating the pubic morphology. Evaluating the
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sciatic notch and the pubic morphology without tactile capabilities requires the evaluator to
reorient the physical strategies ingrained by training in the traditional methods, but does not
negatively impact the sexing assessment. The subpubic concavity, ischiopubic ramus, and ventral
arc are all pronounced features in the 3D software, allowing for effective assessment.
Additional Methodologies
Using this new scanning method will ensure that the hip bone scans generated are
metrically and visually accurate as well as of research quality. Necessary resolution minimums to
scan each skeletal element will vary slightly, and not all bones may require such exacting
scanning methods. The settings used for the hip bone may provide similar precision when
applied to the scapula, for instance, but may be insufficient for the inferior view of the skull.
Consideration and testing should be conducted on every element intended to 3D scan for
distribution or long-term collaborative work to ensure the information being recorded can be
used for future research.
Bones that are 3D scanned with specific projects in mind are sufficient for singular
projects or additional study. Three-dimensional records are created quickly and with little cost to
the researcher once the hardware and software are onsite. The ease with which 3D scans can be
created belies their significance, as 3D records are permanent records. Any mistakes or imprecise
data recording are permanent. Particular care and consideration should be given to creating what
may eventually be the only record of an item, as well as the record that will be referenced most
frequently by scholars that may never handle the original skeletal collection.
Affordable 3D surface scanners are allowing for new ways of recording and analyzing
the human body. However, the use of these machines should not rewrite protocols already in
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place for documenting human skeletal remains. Redundancy is a frequent practice across
subfields in anthropology, and new tools should not change that reliable precaution.
Information that exists solely in a digital format runs the risk of suffering corruption or
deletion. Texture data can be corrupted and entire files can be lost. The importance of backup
files cannot be overstated in these instances. However, this type of data collection accumulates
terabytes of data per week (Forte et al. 2015). Information written on the bone can be lost
through corruptions, and as such, each scanned item should be paired with traditional
photographic records as well. Hardware equipped with texture or color capture capabilities likely
has photos of the scanned bone saved with the 3D files, which can be copied for permanent
storage.
Additionally, any information that cannot be derived from a 3D scan should be included
in a text file alongside the 3D files. For example, the weight of a bone cannot be expressed in a
3D scan, even though surface area and volume can be derived. Smell and greasy texture are not
included in 3D shape recording and should be mentioned separately. Since software and
hardware are not ubiquitous in the field at this time, other concerns may include the conversion
of the file when opening the scan in other software packages. To ensure consistency, each bone
should have accompanying information about metrics and assessments, such as the methods used
for visual and metric assessment in this study.
Feasibility and Additions
Every hour of scan time estimated by ScanStudio® requires approximately 5.5 hours of
actual scan time. This discrepancy in time is variable by model and depends on the amount of
points being collected in the current scan as well as the number of scans already within the file.
Large scans and models with many scans will require more time for the machine to process the
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data in all functions, including data point collection during scanning, processing data for
trimming, aligning scans, and fusing scans. Some models were so large that fusion alone could
take multiple hours.
Generating 3D scans at 4 divisions at 268 k/in2 point density creates large files, so adding
additional records such as 2D photographs, recorded metrics, and visual assessments will result
in master files that are also large. Three-dimensional scans can be downgraded in file complexity
and size for use with different software and 3D printers at a later date. However, the primary
scan should be as accurate as possible because that scan will become the primary source of
information for all subsequent scientific studies.
Three-dimensional master files for human skeletal remains can be utilized globally for
preservation of skeletal information, teaching, display, and research. Three-dimensional remains
are not susceptible to damage by sharp calipers, inexperienced handling, or transportation, thus
creating an osteological resource that is long-lasting and exceedingly durable. The downside to
digital osteological remains is that digital bone scans take a great deal of virtual space on
computer hard drives. However, with enough computer resources, an entire human skeletal
remains collection housed at a museum could be stored digitally. The ability to access digital
records of human skeletal remains opens up avenues of research previously restricted by travel
and funding. Likewise, the 3D file formats can provide possible compromises between
indigenous communities and the scientific community by allowing repatriated remains to be
studied long after the original bones are returned to the appropriate parties.
Conclusion
Standardization of 3D scanning human skeletal material is necessary for effectively
scanning human skeletal remains for enduring preservation and research (see Figure F). The
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method validated in this study is a starting point for refining 3D methodologies to produce
comparable skeletal scans of additional postcranial bones. Considering biological
anthropologists’ inclusion of 3D scans in research, standardization is crucial. If implemented,
this method will increase the accuracy of 3D scans so that they can provide information and
insight for years to come.

Figure F: Three-Dimensional interactive modern hip bone from the scanned collection. Scanned by
V. Harrington.
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CHAPTER 5: DISCUSSION AND CONCLUSION
Purpose
The findings of this research are that research-quality 3D scans of human hip bones are
possible with a NextEngine® desktop scanner. The 3D scans of human hip bones are accurate
enough to be analyzed visually and metrically in traditional ways, as well as provide
opportunities to develop new osteological methods. Accuracy in this study is identified as the
degree the 3D scan conforms to the original bone in metrics and visual assessments.
Visual assessments on scanned hip bones are best suited for features that do not require
color. Color information for large files is often lost. Scans are not photorealistic. Additionally,
there is information on the skeleton that is not visual, such as weight or smell. These attributes
should be included in a separate document, making the 3D scan a research-quality recording, but
not a complete one.
The purposes of creating a 3D research collection of human skeletal remains are varied
but significant. Three-dimensional research collections provide new avenues of preservation,
allowing for a complete replica of the bone without the creation of a cast. Once scanned, an
infinite number of digital replicas can be made without additional cost or degradation to the
original bone. Preservation of skeletal information through 3D scanning creates stronger replicas
of fragile remains, prolonging the opportunity to learn from those remains. This preservation
technique protects human skeletal remains without limiting access or chemically altering the
original remains.
Once preserved, the originals can be stored or even repatriated, if appropriate. This
preservation and recording technique generates new avenues of compromise with indigenous
populations. Furthermore, 3D scanned remains can be shared publically and scholastically.
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Publically, museums and educational institutes can create teaching displays. Scholastically,
sharing skeletal data becomes a faster and more comprehensive exchange. Two biological
anthropologists on different continents can simultaneously access the exact same bone for
analysis. This type of access would simplify collaboration. Without being bound by geography,
scholars would have a more equalized opportunity to research the same materials. Additionally,
using 3D measurement software, not only are measurements recorded, but metadata concerning
the exact placement of the landmarks is also recorded. Applying measurements and replicating
results are simplified for 3D scan files, as original measurements can be saved with the 3D scan
for evaluation by an independent researcher, thus lowering intra and inter observer error.
Three-dimensional evaluation assists in performing traditional analyses, such as taking
point-to-point measurements, which can be taken more easily on 3D bone scans than actual bone.
Visual assessments on 3D scans are also improved in cases where the shape is important; the
color data can be divorced from the geometry of the bone. These new possibilities also facilitate
new questions, providing new options for shape analyses and advanced quantifications of
complex angles. Surface area measurements can also be produced instantaneously. Threedimensional platforms allow for comparative analyses in a new way, where 3D scans can be
overlaid for seriation.
Feasibility
The feasibility of creating a 3D skeletal collection using the NextEngine® desktop
scanner is dependent upon the scope of the project. The resources required to create researchquality scans are high in time and virtual space. Dependent on the scope of the research,
dedicating a considerable amount of worker hours and virtual space may be prohibitive.
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However, dedicating these resources to create a permanent record that can be globally shared and
allow indigenous people to repatriate the original may be worth the cost.
Conclusion
Within this research, a 3D scanning method was created that can be used to consistently
create 3D human hip bone scans that are metrically and visually accurate with a NextEngine®
desktop scanner. In the first study, minimal division settings and geometric data point densities
were tested in the Louisiana State University’s (LSU) Digital Imaging and Visualization in
Archaeology (DIVA) Lab on a selection of nine postcranial bones excavated from Moho Cay,
Belize (McKillop 2004).
Division settings control the degree of rotation of a 360º platform, which affects the
overlap of the geometric data collected during each individual scan. The NextEngine® settings
can be adjusted between 4 and 16 divisions, resulting in geometric data being collected at the
maximum of every 90º to the minimum of every 22.5º, respectively. The positioning settings of
the NextEngine® allow for 360º scans, which will record a complete 360º rotation of the item.
Additional positioning options are bracket and single. Bracket scans will use the division settings
as well, but only collect a set of three scans at the specified divisions. Single scans will scan the
object without rotation. Each division will collect a set number of geometric data points, which
creates a point density per square inch of the object. Options for point densities are based on the
distance of the object from the scanner, which are determined by the range settings. Range
settings allow for three distances macro, wide, and extended, which capture small, medium, and
large objects respectively. The highest setting available is 268 thousand points per square inch
(k/in2) on macro and 29 k/in2 on wide. Extended was not used for this study. Target settings are
also available and have three possible options, which are light, neutral, and dark. Lighting
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settings affect the exposure of 2D photographs the hardware takes to provide color data to the
scan.
Minimum division and point density settings were isolated to produce a complete
topography of the postcranial bones. Using those minimums, nine archaeological, postcranial
bones were scanned. The 3D bone scans were compared to the original bones in five visual
categories (gross morphology, nonmetric variation, pathology, rugosity, and trauma). The bones
were rated for similarity within those five categories. Fifty percent similarity was the minimum
similarity rating necessary to be used for display purposes, which only require a semblance of a
bone to be effective in context. All nine scans were at least 50% similar. A 75% similarity was
required to be used for teaching purposes as increased accuracy is required to use a 3D scanned
bone as a teaching tool. At 75% similar the features of a bone should be identifiable. Almost half
of the postcranial bone scans were 75% or higher in similarity. To be used for research, the scans
required 100% similarity so that they may be used in place of the original specimens. None of
the bone scans were suitable for research uses. Using the minimum divisions and minimum point
density necessary to create a complete topography of a scanned bone did not generate a 3D scan
of postcranial bones that could be used for research. These results spurred the design of the
following experiment in an attempt to isolate the minimum settings required to generate
research-quality scans.
In the second study, a fragmented hip bone from Moho Cay, Belize, was scanned at
multiple settings in the LSU DIVA Lab to test the significance of the divisions and the point
densities on scan quality. To test this variability, each successfully scanned bone was compared
with the bone original visually and metrically. The same five categories were used for visual
assessments. The scans and original bone were visually evaluated for age using the auricular
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surface and were evaluated for sex using general pelvic morphology. Five arbitrary
measurements also were taken on each digital bone and the original bone. The arbitrary
measurements were taken since the hip bone was incomplete, making standard measurements not
possible. Digital measurements were taken through Netfabb®, a software package. The original
bone measurements were taken using calipers and an osteometric board. The metrics were
compared using paired t-tests. The results of the second study indicated that the number of
divisions had little to no effect on overall quality of the scan. However, the point density was
critical. Using the lowest possible divisions (4) and the highest possible point density (268 k/in2)
generated the most accurate scans. The hip bone scanned at those minimum settings was both
metrically and visually accurate.
In the third study, the derived method for 3D scanning was applied to a set of 20 modern
hip bones in the LSU DIVA Lab. The modern hip bones were provided by the Forensic
Anthropology and Computer Enhancement Services (FACES) Lab. Twenty left hip bones from
modern adults were scanned using the derived standards from the second study. Those 20 3D
scans of hip bones were assessed metrically and visually. The 20 hip bones were complete,
making them larger than the archaeological, fragmented remains used in the second study.
Additionally, since the 20 hip bones were complete, four standard measurements were taken,
rather than five arbitrary measurements.
The five visual categories from the two previous studies were used in visual assessments
in the third study. All 20 hip bones were analyzed for age using the pubic symphysis and
auricular surface, and for sex using general pelvic morphology (Bass 1987; Buikstra and
Ubelaker 1994; White and Folkens 2005). Age and sex were compared to the records provided
by the FACES Lab to determine accuracy. Measurements were taken on all digital scans as well
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as the original bones. Digital bone scans were measured using NetFabb®, and original bones
were measured using calipers and an osteometric board. The visual analyses were compared for
similarities and dissimilarities. The metric assessments were compared using paired t-tests.
The results of the second study were borne out in the third study, where the tested
scanning method created research-quality scans of the selected hip bones. The method created
and refined through this research generates research-quality 3D scans of human hip bones using
the NextEngine® desktop scanner. Previously, 3D biological anthropology studies have focused
on generating scans for limited purposes pertaining to specific aspects or features of the bone
being scanned. Three-dimensional hip bone scans generated using this standardized method can
be used in a variety of studies, even those that were not envisioned during the scanning process.
This method and machinery provides a feasible 3D digitizing technique for the long-term
preservation of skeletal information and scholastic distribution of the human hip bone.
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